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Thrombospondin 2 (TSP2) is a matricellular protein controlling the apoptosis-proliferation balance in
endothelial cells. Little is known about its transcriptional regulation compared with that of TSP1. We found
that overexpression of a constitutively active mutant of Rac (Rac¥'?) specifically increases TSP2 mRNA levels
without affecting TSP1 in human aortic endothelial cells (HAEC). Moreover, TSP2 induction by Rac¥*? is
dependent upon reactive oxygen species (ROS) production, as gp91ds-tat peptide, an inhibitor of NADPH
oxidase, and the flavoprotein inhibitor diphenylene iodinium (DPI) block TSP2 synthesis. Furthermore, we
found that increasing Rac¥'? expression results in a biphasic proliferative curve, with proliferation initially
increasing as Rac¥'? expression increases and then returning to levels less than that of control cells at higher
expression. This growth inhibition is mediated by TSP2, as either DPI treatment, which blocks TSP2 synthesis,
or pan-TSP blocking antibodies restore the proliferative ability of HAEC with high expression. Mechanisti-
cally, we show that the effect of TSP2 on cell proliferation is independent of the antiangiogenic TSP2 Hepl
sequence, which is capable of altering actin cytoskeletal reorganization but not proliferation in our experi-

mental conditions. Finally, we show in vivo that Rac-induced TSP2 expression is observed in the aorta of

transgenic mice selectively expressing Rac"'?

in smooth muscle cells. These results identify Rac-induced ROS

as a new pathway involved in the regulation of TSP2 expression.

Thrombospondins (TSPs) are a family of homotrimeric mul-
tidomain glycoproteins that on the cellular level modulate
adhesion, proliferation, and migration (19) and have been im-
plicated clinically in the development of atherosclerosis, an-
giogenesis, and oncogenesis. While initially identified in plate-
let alpha-granules, TSPs are also secreted by a variety of cells,
including endothelial cells, smooth muscle cells, fibroblasts,
astrocytes, keratinocytes, macrophages, and melanoma cells.
The family of TSPs consists of five members (TSP1, -2, -3, -4,
and -5) encoded by distinct genes that demonstrate a high
degree of sequence homology with platelet TSP (TSP1) (35).
TSP1 and -2 form one subgroup of trimeric proteins with a role
that is likely distinct from that of the pentameric TSP3, -4, and
-5 subgroup (21). Unlike other extracellular matrix molecules
that form fibers or basement membrane, TSP1 and TSP2 act as
modulators of cell-matrix interaction for a variety of cells. They
appear to control the proliferation and migration of smooth
muscle cells, as well as chemotaxis of melanoma cells, yet they
inhibit endothelial cell proliferation and angiogenesis (27).
The complex actions of TSPs are mediated by a number of
putative receptors, including heparan sulfate proteoglycan,
CD36, integrins, CD47/IAP, latent transforming growth factor
B, and LRP (lipoprotein receptor-related protein) (5). Little,
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however, is known about the molecular pathways that regulate
TSP2 production. Various reports have suggested that the syn-
thesis of TSPs is increased by platelet-derived growth factor
(PDGF) and interleukin-18 and during pathological condi-
tions such as atherosclerosis and vascular injury (32, 36). Fur-
thermore, TSP1 and -2 isoforms have been shown to induce
focal adhesion labilization and to suppress stress fibers and
focal contacts in endothelial cells (26). We hypothesized that
the Rho family GTPase, Racl, as a key mediator of similar
cellular and physiologic processes (34) including cytoskeletal
rearrangement, transduction of growth factors such as PDGF,
atherosclerosis, and oncogenesis, might regulate TSP2 expres-
sion.

The Rho family of small GTPases are molecular switches
controlling cytoskeletal actin reorganization and cellular pro-
liferation. Rac activates many downstream effectors leading to
protein synthesis and proliferation (15, 31). Specifically, acti-
vated Rac binds to p67phox and induces activation of the
NADPH oxidase complex, which in turn produces superoxide
ions and reactive oxygen species (ROS) in phagocytes (10). A
NADPH oxidase-like activity has now been demonstrated in
many nonphagocytic cells, including smooth muscle cells, en-
dothelial cells, fibroblasts, thyrocytes, and normal or cancerous
colon epithelial cells (1, 4, 18). Moreover, ROS have been
implicated in Rac-induced proliferation (11, 16). Mechanisti-
cally, Rac-induced ROS production has been shown to activate
NF-kB and also plays a role in the synthesis of collagenase
(17). Since the recent identification of different isoforms of the
catalytic subunit of the NADPH oxidase (Nox1, -2, -3, -4, and
-5) in nonphagocytic cells (6, 20), the involvement of NADPH
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oxidase in cell signal transduction pathways has represented an
intensive and attractive area of research. Recent microarray
experiments have shown that overexpression of the Nox1 iso-
form controls around 200 different proteins related to the
control of cytoskeletal structures, extracellular matrix, protein
synthesis, transcription, and metabolism (3). To date, a direct
regulation of NADPH oxidase activity by Rac has only been
evaluated for Nox2 (formerly gp91-phox). This isoform, in
addition to all the classical subunits of the NADPH oxidase, is
expressed and functional in endothelial cells (22, 23).

In this report, we investigated the involvement of Racl-
induced superoxide production on TSP1 and TSP2 expression
in human aortic endothelial cells (HAEC) and the consequent
effect on cellular proliferation and actin reorganization. We
found that overexpression of RacY'? in cultured endothelial
cells results in specific up-regulation of TSP2 mRNA without
affecting TSP1. Moreover, TSP2 production appears to result
from Rac-regulated superoxide production, as the up-regula-
tion may be blocked by the NADPH oxidase peptide inhibitor,
gp91ds-tat, or the flavoprotein inhibitor diphenylene iodinium
(DPI) but not by N-nitro-L-arginine methyl ester (L-NAME).
Furthermore, Rac induction of TSP2 may be physiologically
important, acting as an autocrine loop to stop Rac-induced
proliferation. We found that increased Rac expression results
in increased TSP2 production that in turn correlates with an
inhibition of Rac-induced proliferation. Convincingly, this in-
hibition could be reversed by using anti-TSP blocking antibod-
ies or DPI to restore the proproliferative capacity of cells
expressing Rac at high levels. Finally, we confirmed in vivo,
using a transgenic mouse model with smooth muscle selective
expression of RacV'?, that TSP2 expression is increased in the
aorta. These results confirm the previously reported difference
in the regulations of expression between TSP1 and TSP2 by
identifying Rac-induced ROS as a pathway regulating TSP2
expression in endothelial cells.

MATERIALS AND METHODS

Reagents. The recombinant replication-incompetent adenovirus Ad.N17 Racl
and Ad.V12 Racl, containing the c-myc-tagged dominant-negative and c-myc-
tagged constitutively activated forms of Racl, respectively, were constructed by
homologous recombination in 293 cells by using the adenovirus-based plasmid
JM17 as previously described (31). The control adenovirus, d1312, which lacks
the cDNA insert (Adnull), was used as a control for adenoviral infection. Hepl
peptide (ELTGAARKGSGRRLVKGPD), Hepl scrambled peptide (RSKAGT
LGERDLKPGARVG), gp91ds-tat peptide (RKKRRQRRRCSTRIRRQL),
and scrambled-tat peptide (RKKRRQRRRCLRITRQSR) were obtained from
AnaSpec, Inc. [*H]thymidine was obtained from Amersham Biosciences, Inc.
Rabbit myc-tagged polyclonal antibody and mouse myc-tagged monoclonal an-
tibody were obtained from Cell Signaling Technology, Inc., and Santa Cruz
Biotechnology, respectively. Mouse monoclonal anti-TSP Ab-4 (clone A6.1),
Ab-1 (clone A4.1), Ab-3 (clone C6.7), and Ab-9 (clone MBD 200.1) were ob-
tained from Labvision Corp. Alexa Fluor 488 goat anti-rabbit immunoglobulin
G (IgG)-conjugated antibody, Alexa Fluor 594 goat anti-mouse antibodies,
Hoechst 33342, and dihydroethidium (DHE) were obtained from Molecular
Probes. Horseradish peroxidase-conjugated goat anti-mouse antibody was ob-
tained from HyClone Labs. Texas Red-conjugated IgG was obtained from Jack-
son ImmunoResearch Laboratories. IgG1 and IgM isotype controls were ob-
tained from R&D.

Cell culture. HAEC were cultured in EGM2 medium provided by the manu-
facturer (Clonetics). Experiments were performed between passage 4 and pas-
sage 10, and the serum-deprived conditions were obtained by overnight incuba-
tion in EBM2 medium containing 1% fetal bovine serum (FBS). Cells were
seeded 24 h before infection. Unless otherwise specified, cells were plated at a
density of 120 cells/mm? in all experiments. Adenoviral infection was performed
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by diluting the viral vector in serum-deprived medium at the desired multiplicity
of infection (MOI) overnight, after which the virus-containing medium was
removed and replaced by fresh EGM2 medium for 32 h. The control adenovirus
dI312 (Adnull), which lacks the cDNA insert, was used as a control for adeno-
virus infection. Before all experiments, cells were maintained in deprivation
medium for at least 16 h.

Immunoblot analysis. Cells were lysed in 500 pl of lysis buffer (15 mM HEPES
[pH 7.0], 145 mM NaCl, 0.1 mM MgCl,, 10 mM EGTA, 1% Triton X-100)
supplemented with a mixture of protease inhibitors [leupeptin, chymostatin,
antipain, pepstatin, and 4-(2-aminoethyl)benzenesulfonyl fluoride]. The cells
were harvested on ice and sonicated twice for 15 s, and the debris was pelleted
in a microcentrifuge at maximum speed for 10 min at 4°C. Protein concentration
was estimated by using the bicinchoninic acid assay (Sigma). A total of 10 pg of
protein from the cell lysates was separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (4 to 20% acrylamide). Gels were transferred to a
Hybond ECL nitrocellulose membrane (Amersham). Racl mutant expression
was detected using a monoclonal mouse anti-c-myc epitope primary antibody,
and TSP expression was detected using a mouse monoclonal anti-TSP known to
recognize TSP1 and TSP2 (clone A6.1). A horseradish peroxidase-conjugated
goat anti-mouse (HyClone Labs) was used as a secondary antibody. The chemi-
luminescent signal was detected on radiographic film and/or a phosphorimager
using Super-signal reagent (Pierce Chemical Co.) as instructed by the manufac-
turer.

RNA isolation and real-time RT-PCR. After 16 h of serum deprivation, total
RNA was extracted using an RNeasy minikit (Qiagen). The amount of RNA
isolated was estimated spectrophotometrically and adjusted for each sample to 2
pg/ul in diethyl pyrocarbonate water. Reverse transcription was performed on 2
g of total RNA with the superscript preamplification system for first-strand
cDNA synthesis (GIBCO BRL). Quantification of TSP1 and TSP2 mRNA was
performed using real-time reverse transcriptase PCR (RT-PCR; TagMan PCR,
ABI Prism 7700 sequence detection system; Perkin-Elmer Applied Biosystems).
We used 5'-GTGGAAGAGCATCACCCTGT-3' and 5'-GGACGTCCAACTC
AGCATTC-3" as primers and 6FAM-GGACGTCCAACTCAGCATTC-TA
MRA as the fluorescent probe to amplify a 100-bp fragment of TSP1, and we
used 5'-AAGGATAACTGCCCCCATCT-3' and 5'-CCGTCATTGTCATCGT
CATC-3' as primers and 6FAM-CCGTCATTGTCATCGTCATC-TAMRA as
the fluorescent probe to amplify a 100-bp fragment of TSP2. The 18S mitochon-
drial mMRNA was used with the primers 5'-CGGCTACCACATCCAAGGAA-3’
and 5'-GCTGGAATTACCGCGGCT-3" and the fluorescent probe VIC-TGCT
GGCACCAGACTTGCCCTC-TAMRA for internal calibration. The assay was
optimized for efficiency relative to the target primers and the internal calibration
primers by using 50 nM concentrations of TSP1 or TSP2 primers, 25 nM con-
centrations of 18S primers, and 100 nM concentrations of each fluorescent
probe. The thermal conditions used were 15 s at 95°C and 1 min at 60°C, with a
total of 40 cycles. Real-time RT-PCR was also performed on some total RNA
extracts as the control for possible contamination by genomic or exogenous
DNA. All results were normalized to the content of Rac cDNA in the control
adenovirus.

Superoxide measurements. (i) Lucigenin assay. Cells were harvested and
resuspended in Krebs-HEPES buffer. NADPH (1 mM) was added at time zero,
and the cells were incubated for 15 min at 37°C. A total of 10° cells was then
added to 25 wM lucigenin in Krebs-HEPES buffer, and chemiluminescence was
measured for 60 s using a Lumat Berthold LB 9507 luminometer. Measurements
were done in the absence or presence of DPI (10 wmol/liter), and the results
were expressed as DPI-inhibited relative light units per 10° cells.

(ii) DHE assay. Superoxide generation in adherent cells was estimated by
DHE staining as previously described (30). When oxidized to ethidium, upon
reaction with superoxide (O, ), ethidium binds to DNA, resulting in an increase
in quantum yield. Briefly, infected serum-deprived cells were loaded with DHE
at a concentration of 10 wmol/liter in HEPES buffer (2 mM HEPES-50 mM
glucose in Hanks balanced salt solution) for 30 min at 37°C in 5% CO,. At the
end of incubation, the cells were rinsed with Hanks balanced salt solution and
examined alive with an excitation/emission wavelength of 560/660 nm. Digital
images were recorded on a SenSys digital camera. The integrated fluorescence
intensity (expressed in arbitrary units) was quantified on a gray scale of 0 to 255
and measured with the MetaMorph image analysis system. The relative fluores-
cence intensity was calculated by dividing the total integrated optical density by
the total number of cells in each field. Measurements were done in the absence
or presence of DPI (10 pmol/liter), and the results were expressed as DPI-
inhibited integrated optical density. Mean fluorescence intensity measurements
were obtained from three separate experiments in each group.

Quantification of DNA synthesis. HAEC infected with the different adenovi-
ruses were serum deprived for 16 h and then pulsed labeled with [*H|thymidine
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(2 wCi/ml) for 4 h, the DNA was precipitated, and the amount of [*H|thymidine
incorporation was determined by liquid scintillation counter. In some experi-
ments, TSP antibodies (150 wg/ml) Ab-1 (clone A4.1), Ab-3 (clone C6.7), and
Ab-9 (clone MBD 200.1) or pharmacologic treatment was applied during the
16 h of serum deprivation, and then the [*H]thymidine incorporation assay was
performed.

Cell proliferation assay. HAEC infected with the different adenoviruses were
plated in triplicate, and the total cell number was quantified after 16, 24, and 48 h
of serum deprivation by using a hematocytometer and an Olympus CK2 inverted
microscope. Cell viability was assessed by using trypan blue.

Cell death assay. Programmed cell death was evaluated using a cell death
detection ELISA-Plus kit (Roche Molecular Biochemicals). HAEC infected with
different adenoviruses were plated in triplicate in a 6-well plate. Cells were serum
deprived for 16 or 24 h and then lysed, and the cytoplasmic histone-associated
DNA fragmentation (mono- and oligonucleosomes) was detected by spectropho-
tometry according to the manufacturer’s instructions.

Cell cycle analysis. To analyze cell cycle progression, HAEC (10° cells) in-
fected with either RacY'? or Adnull were serum deprived for 24 h in EBM2. The
cells were harvested by trypsinization, resuspended in ice-cold phosphate-buff-
ered saline, and fixed in ethanol at —20°C overnight. The cells were spun down
and resuspended in 1 ml of phosphate-buffered saline at room temperature and
treated with 2 ul of RNase A (10 mg/ml) for 30 min at 37°C. The cells were then
incubated with 10 pl of propidium iodine (10 mg/ml) and analyzed for DNA
fragmentation by a flow cytometer with a FACScan (Becton-Dickinson). The
percentage of cells in sub-G,, Gy, S, or G,/M was determined by analyzing the
data using ModFitLT software (Verity Software).

Immunostaining in RacY'? transgenic mice. Transgenic mice overexpressing
the constitutively active mutant form of the human Racl gene (RacV'?, cDNA;
gift from Alan Hall, London, England), with a glycine 12-to-valine substitution,
were generated in FVB/N mice by using the smooth muscle a-actin promoter
(gift from Arthur Strauch, Ohio State University, Columbus, Ohio). The genome
of the mice incorporated the cDNA of Rac¥!?, including its polyadenylation site.
Founder mice were selected on the basis of Southern blot analysis, and the mice
confirmed to have the highest number of human RacY!? gene copies were used
to establish a stable transgenic line by breeding with nontransgenic FVB/N
mates. To examine the distribution of Rac and TSP expression in transgenic
aortas, we performed immunohistochemistry (IHC). IHC was performed on
4-pm-thick sections from formalin-fixed and paraffin-embedded aorta by using a
mouse monoclonal anti-TSP (clone A6.1) or anti-c-myc (clone 9E10) and a
standard streptavidin-biotin immunoperoxidase method (M.O.M kit; Vector)
according to the manufacturer’s instructions. The slides were developed by use of
a Vectastain ABC kit and a DAB substrate kit (both from Vector).

Statistical analysis. Data are presented as means *+ standard deviation (SD).
The results were compared by the Student ¢ test wherever appropriate. Statistical
analysis was performed using STAT-View software (SAS Institute, Inc.). Signif-
icance was defined as a P value of <0.05.

RESULTS

Increased TSP2 expression by Racl-induced superoxide
production. Racl may induce the production of superoxide
through activation of the NADPH oxidase system involving the
Nox2 isoform (1). We first analyzed whether the infection of
HAEC with the constitutively active mutant of Racl, Rac¥'?,
resulted in increased superoxide production through NADPH
oxidase activity by using a lucigenin assay and DPI chloride
(DPI is a known inhibitor of NADPH oxidase). Figure 1A
shows that the DPI-inhibitable production of superoxide in-
creased in HAEC infected with RacY'? (at a MOI of 300),
while there was no significant increase in the amount of super-
oxide inhibited by DPI in cells expressing adenovirus control
(Adnull) or dominant-negative Rac (Rac™'”). The production
of ROS has been reported to mediate signaling pathways lead-
ing to the expression of numerous proteins (3). Thus, we as-
sessed the effect of RacY!? overexpression on the level of
expression of TSP by immunoblotting using an antibody rec-
ognizing TSP1 and -2 isoforms. Rac¥'? overexpression drasti-
cally increased TSP expression, whereas Rac™'7-expressing
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FIG. 1. Effect of Racl-induced NADPH oxidase activity on TSP
expression. (A) HAEC were infected with different adenoviruses at a
MOI of 300. After cells were detached, NADPH oxidase activity mea-
surements were made using the lucigenin assay and are expressed as
DPI-inhibitable lucigenin chemiluminescence, obtained by subtracting
the value with DPI from that without DPI. Expression of both c-myc-
tagged RacY'? and RacN'” overexpressed proteins was probed by
immunoblotting using an anti-c-myc antibody. TSP expression was
probed by immunoblotting using a pan-TSP antibody. (B) The effect of
inhibition of NADPH oxidase activity on TSP expression was tested by
immunoblotting as previously described. (C) Localization of TSP on
RacY"%-expressing cells was assessed by comparison of cell lysates with
trypsinized cells (lane 1) or adherent cells (lane 2). RacY'? expression,
actin content, and TSP were probed by immunoblotting.

cells showed no change (Fig. 1A). Next, we tested whether the
increase in TSP was dependent on Rac-dependent ROS pro-
duction. We found that flavoprotein inhibition with DPI sup-
pressed both Rac-induced superoxide production and the in-
crease in TSP protein expression. In contrast, TSP production
was not dependent on endothelial nitric oxidase synthase
(eNOS), since short-term as well as long-term treatment with
L-NAME, a specific inhibitor of eNOS, had no effect on TSP
expression in RacY'%-infected cells (Fig. 1B). In addition, TSP
expression induced by Rac was inhibited by gp91ds-tat, a
peptide reported to specifically inhibit the NADPH oxidase,
compared to what was seen with the corresponding scram-
bled peptide (33). Comparison of TSP expressions between
trypsinized cells and adherent cells showed that TSP expres-
sion is mainly extracellular. This localization was demonstrated
by the appearance of a lower-molecular-weight form of TSP in
trypsinized cells, consistent with the known ability of TSP to be
partially cleaved by trypsin when located extracellularly (Fig.
1C).

To assess the transcriptional up-regulation of TSP1 and -2
specifically, we quantified the mRNA levels of TSP1 and TSP2
isoforms. Real-time quantitative RT-PCR showed that Rac¥*?
overexpression increased TSP2 mRNA levels by more than
sixfold (P < 0.05). Moreover, this increase could be suppressed
by DPI but not L-NAME (Fig. 2). TSP1 levels, in contrast, were
not affected by RacY'? expression or redox manipulation.

Effects of Rac-dependent TSP2 up-regulation on endothelial
cell proliferation. TSP1 and TSP2 are well known regulators of
cell growth. TSPs are known to inhibit endothelial cell prolif-
eration, yet they stimulate cell growth in aortic smooth muscle
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FIG. 2. Transcriptional up-regulation of TSP2 by RacV'?. TSP1
and TSP2 mRNA quantification was performed by TagMan RT-PCR
on HAEC infected with different adenoviruses at a MOI of 300.
RacY'%-infected cells demonstrate a sixfold increase in TSP2 expres-
sion compared to Adnull- and Rac™'-infected cells, whereas TSP1
expression was not affected. Results are expressed as relative values
compared to control conditions for each specific DNA. Each point
represents the mean of a triplicate set of experiments *+ SD. *, P <
0.05 versus control.

cells (24, 39). We evaluated the incorporation of [*H]thymi-
dine in HAEC infected with Adnull or Rac¥'* adenovirus at
different MOIs. [*H]thymidine incorporation shows a biphasic
curve with increasing expression of RacY'? (Fig. 3B). Initially,
proliferation increases with greater Rac expression, peaking
with a ninefold increase in proliferation at a MOI of 200;
however, at a MOI over 200, proliferation was less, returning
to baseline by a MOI of 400. Interestingly, the decrease in
DNA synthesis in RacY'?-infected cells at a MOI of 400 cor-
related with an increase in TSP2 mRNA and superoxide levels
assessed by the DHE assay (Fig. 3A and C). Indeed, the effect
of RacY'? on TSP2 mRNA and TSP protein levels demon-
strates a MOI-dependent increase up to a MOI of 400 (Fig.
3A) compared with what was seen with control cells. More-
over, by cell cycle analysis and direct cell counts, we confirmed
that the increase in DNA synthesis at a MOI of 200 reflects a
proliferative index. Cell cycle analysis showed an increased
proportion of cells in the S/G,M phase at a Rac¥'? MOI of 200
compared with an Adnull MOI of 200 (32.1% = 4.9% versus
8.4% * 1.6%; P < 0.05). In contrast, cells infected with Rac¥*?
at a MOI of 400 showed a reduced proportion of cells in the
S/G,M phase compared to those infected with Rac¥'? at a
MOI of 200 (7.1% = 1.2% versus 32.1% = 4.9%; P < 0.01
[Fig. 4A]). Direct cell counts of RacY'?-infected cells also
demonstrated an increase in cell number at a MOI of 200
compared to cells infected with Adnull at MOIs of 200 and 400
and with RacY'? at a MOI of 400 (Fig. 4B). This decrease in
DNA synthesis and cell number observed with high RacV'?

MoL. CELL. BIOL.

& ———
§ . 12 w— } A
E B - o /
% «JRacvz 100 200 300 400 }
3 /
£ 2 X
&
ﬁ ) §/
. 0 100 200 00 ®
2 2= Muttiplicity of infection
i o B
g
1 '
= L
2 =‘;l,/ v
i 0 Ll L] % L ] = L By L]
0 200 300 400
Multiplicity of Infection
g 4
S g C
2 30
a m
2 200
s 1m0
2 100 /
£ 50
= o & o
e o9 ¥ #-——‘—-—.Fu T T * T o
0 100 200 300 400
Moultiplicity of infection
Rac*1? Adnull D
_ "L‘ 100 200 300 400 100 200 300 400 HAEC
g cl — I | —— e - |
g 8-
-]
g
3 3
£
'§'I o
- i
z A.
H " L
Multiplicity of infection

FIG. 3. Effect of RacY'*-dependent TSP2 induction on HAEC pro-
liferation. (A) TSP2 mRNA quantification was performed by use of
TaqMan RT-PCR on cells infected with Rac¥'? adenovirus at different
MOIs. TSP2 mRNA levels demonstrate a MOI-dependent increase
through a MOI of 400. The inset shows an immunoblot for TSP and
RacV12 (myc-tagged) expression with different MOIs. (B) [*H]thymi-
dine incorporation was measured in cells infected with RacY'? and
Adnull adenoviruses at different MOIs. Results are expressed as the
ratio of thymidine incorporation (Rac¥'? divided by Adnull) for each
MOTI considered. RacY'*-infected cells showed a ninefold increase in
[’H]thymidine incorporation at a MOI of 200, and values returned to
less than those of noninfected cells at a MOI of 400. Each point
represents the mean of at least three experiments = SD. (C) DPI-
inhibited superoxide production assessed by DHE staining in HAEC
infected with increasing concentrations of Rac¥'? (open circles) or
Adnull (filled circles) adenovirus. (D) Quantification of Racl protein
level by immunoblotting with RacY'? (open diamonds) or Adnull
(filled diamonds) adenovirus at different MOIs. Inset shows the cor-
responding immunoblot that is representative of three independent
experiments.
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FIG. 4. Effect of RacY"'? on cell cycle and cell growth in HAEC. (A)
HAEC were infected with Rac¥'? or Adnull at MOIs of 200 and 400
and deprived of serum for 24 h. DNA content was measured with
propidium iodide staining of the nuclei by using flow cytometry. HAEC
infected with Rac¥'? at a MOI of 200 show an increase in cells at
S/G,M phase in contrast to those infected with Adnull at a MOI of 200
or RacY'? at a MOI of 400. Cells infected with Rac¥'? at a MOI of 400
have a similar ability to arrest HAEC in the G,/G, phase of the cell
cycle compared with those infected with Adnull at a MOI of 400. (B)
HAEC infected with RacY'? or Adnull at MOIs of 200 and 400 were
plated at a density of 120 cells/mm? in triplicate. Cell were trypsinized
and counted after 16, 24, and 48 h of serum deprivation. Data are
expressed as relative cell numbers obtained by dividing the cells
counted at each time point by the initial cell numbers at 0 h. Cells
infected with RacY'? at a MOI of 200 showed a significant increase in
relative cell numbers at all time points analyzed compared with those
infected with Adnull at MOIs of 200 and 400 and Rac¥'* at a MOI of
400. (C) Histone-associated DNA fragmentation was assessed by cell
death enzyme-linked immunosorbent assay in control cells and adeno-
virus-infected HAEC for 16 and 24 h. Increased apoptosis was noted in
serum-deprived and Adnull-infected cells compared to control cells,
whereas Rac¥'? at MOIs of 200 and 400 significantly reduced apopto-
sis compared to serum-deprived and Adnull-infected cells. Data are
expressed as means of arbitrary units = SD from at least one experi-
ment performed in triplicate.
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FIG. 5. Racl-induced proliferation modulation by redox status and
TSP in HAEC. [*H]thymidine incorporation was evaluated in cells
infected with low (MOI of 200) or high (MOI of 400) adenoviral levels
in the presence or absence of the NADPH oxidase inhibitor DPI or
blocking anti-TSP antibodies. [*H]thymidine incorporation was inhib-
ited by DPI and anti-TSP antibodies in Rac¥'-infected cells at a MOI
of 200, whereas both treatments increased the [*H]thymidine incorpo-
ration in RacY'*-infected cells at a MOI of 400. Each point represents
the mean of at least one experiment performed in triplicate + SD. =,
P = 0.05 versus control.

level could result from an arrest of proliferation or an increase
in cell death index. We found, however, that RacY'? overex-
pression at MOIs of 200 and 400 protected against cell death to
a similar degree (Fig. 4C).

Biphasic control of proliferation by ROS and particularly
exogenous H,O, has been reported previously (7, 13). Under
the conditions in our study, endogenous ROS production was
increased by RacY'? overexpression. We similarly found that
[*H]thymidine incorporation was inhibited by DPI in HAEC
expressing RacY'? at a MOI of 200, yet DPI increased [*H]thy-
midine incorporation in HAEC expressing RacY'? at a MOI of
400 (Fig. 5). This suggests that the biphasic proliferation pat-
tern seen with Rac¥'? overexpression is dependent on ROS
production. This restoration of DNA synthesis might be ex-
plained by the suppression of the Rac¥'?-induced TSP2 over-
expression by DPI. Indeed, TSP2 has been reported to inhibit
endothelial cell proliferation, and the inhibition of Rac¥'*-
induced DNA synthesis correlates well with TSP2 expression.
To further confirm the involvement of TSP2, we used TSP
blocking antibodies in RacY'?- and Adnull-infected cells. In-
terestingly, these antibodies, like ROS inhibition, increased
DNA synthesis at high levels of RacY'? (133,141 = 620 cpm
versus 31,264 = 278 cpm; P < 0.05) yet inhibited proliferation
in cells with lower levels of Rac expression (95,820 = 436 cpm
versus 167,000 = 20,223 cpm; P < 0.05) (Fig. 5). In these
experimental conditions, the blocking TSP antibodies did not
affect the level of Rac expression (data not shown).

TSPs control cell proliferation and migration by modulating
the adhesive status of endothelial cells. Since TSP1 and -2 are
deadhesive, cell proliferation might be controlled through
modification of the adhesiveness or cytoskeletal organization.
Indeed, TSP1 and -2 have been shown to labilize focal contact
and actin stress fibers through a 19-amino-acid sequence (ami-
no acids 17 to 35), referred to as the Hepl peptide (9, 26). To
evaluate whether the effect of TSP2 on the regulation of cell
proliferation is dependent on its induction of cytoskeletal re-
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FIG. 6. TSP expression in Rac¥'? transgenic mice. (A) RT-PCR
analysis of mRNA from various tissues of RacY'? transgenic mice
shows that spleen, intestine, kidney, rectum, and aorta overexpressed
Rac Y'? ¢DNA. (B) Immunohistochemistry for Rac"'? using a mono-
clonal antibody against c-myc shows expression in the aorta of Rac¥'?
transgenic mice. (C) Immunohistochemistry for TSP using a mouse
monoclonal anti-TSP antibody shows positive TSP staining on the
aorta (endothelium and adventitia) of RacY'? transgenic mice (right
panel), whereas in nontransgenic mice, no staining for TSP was ob-
served (left panel). Bar, 10 wm.

organization, we studied the effect of the Hepl peptide on
HAEC proliferation and cellular organization. Thymidine in-
corporation was not affected by Hepl peptide treatment in
either Adnull or RacY'? at a MOI of 200 compared to what was
seen with the scrambled peptide (17,400 = 1,200 cpm versus
17,500 = 900 cpm for Adnull at a MOI of 200; 151,900 = 4,200
cpm versus 149,500 = 4,600 cpm for RacY'? at a MOI of 200;
nonsignificant). In contrast, Hep1 peptide treatment in Adnull-
and Rac™"-infected cells mimicked Rac"'?, producing a slight
rounding, a disappearance of stress fibers on the cell basement,
and a suppression of paxillin localization along actin fibers
(data not shown). These results demonstrate that while induc-
tion of full-length TSP2 by Rac activation controls cell prolif-
eration, the Hepl sequence of TSP2 controls only cytoskeletal
reorganization and not cell proliferation.

TSP2 upregulation in RacY'? transgenic mice. While the
expressions of TSP1 and -2 are usually observed in cell culture,
the appearance of these proteins in animals is seen only during
development or in pathological conditions. For Rac¥'? trans-
genic mice, RT-PCR analysis confirmed expression of Rac¥*?
in smooth muscle cells, including blood vessels, spleen, uterus,
and intestine, whereas the transcript was not detected in con-
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trol mice (Fig. 6A). Similarly, IHC demonstrated Rac¥'? ex-
pression in the aorta (Fig. 6B). To evaluate the physiological
relevance of the Rac-induced TSP2 increase, we performed
immunostaining for pan-TSP and TSP2 on RacY'? and non-
transgenic aortas. The IHC studies demonstrated a marked
increase in TSP protein expression in the aorta of Rac¥'? mice
compared to what was seen with nontransgenic controls (Fig.
6C). In particular, the adventitia and intimal layer (endothelial
cells) displayed strong staining for TSP. Similar results were
found with fluorescence staining, which showed markedly in-
creased TSP-2 protein expression in elastic laminae of RacY'?
aortas in contrast to what was seen with nontransgenic mice
(Fig. 6D). These findings confirm that, in vivo, overexpression
of RacV'? results in an up-regulation of TSP2 protein in the
aorta.

DISCUSSION

There is an extensive literature on the function of TSP1;
however, very little is known about how the regulation and
function of TSP2 differ. The major in vitro data often do not
take into account the different developmental and spatial pat-
terns of expression of these two proteins. Indeed, the two
isoforms are encoded by different genes and recent work on
knockout mice for TSP1 and TSP2 has shown distinct pheno-
types with no detectable compensatory increase of the paralo-
gous genes for either isoform (5). Although TSP1 and -2 have
a high degree of homology, the regulations of expression for
TSP1 and -2 are likely to be different. Both isoforms are re-
ported to inhibit endothelial cell proliferation and to induce
apoptosis (14, 28). However, while TSP1 induces cell growth
arrest through caspase activation, TSP2 proliferation inhibi-
tion does not involve induction of apoptosis (2).

In this paper, we confirm that each isoform can be uniquely
regulated by identifying the Rac pathway as a major regulator
of TSP2 expression in HAEC. We show that Rac-regulated
superoxide production specifically increases TSP2 mRNA lev-
els, while TSP1 mRNA levels are not affected. Dose-escalating
expression of RacY!? leads to increased ROS production and
subsequent TSP2 expression in HAEC. TSP2 expression is also
induced in vascular smooth muscle cells (VSMC) in the same
manner (data not shown).

Both Rac and TSP2 have been reported to regulate cell
proliferation and apoptosis in different cell types. We sought to
determine the involvement of RacY'*-induced TSP2 expres-
sion on the regulation of endothelial cell proliferation. To
specifically study the Rac-dependent pathways, we expressed a
recombinant adenovirus for Rac¥'? in endothelial cells without
any growth factors and with small amounts of FBS (1%). While
increasing expression of RacY'? leads to increased expression
of TSP2, the thymidine incorporation first increases and then
decreases at higher doses. We further confirmed that the in-
creased thymidine incorporation reflects an increase in the
proliferative index by using cell cycle analysis, which showed an
increased number of cells in S/G,M phase among cells with low
levels of RacY'? expression compared with control cells or cells
with high levels of RacY'2 In addition, direct cell counts
showed an increase in the number of cells with low levels of
RacY'? expression compared with control cells or cells with a
higher level of Rac¥'? expression. The decreased proliferation
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at high levels of Rac expression does not, however, reflect a
toxic effect with increased cell death. In contrast, RacY!? ex-
pression at both low and high levels similarly protected HAEC
from apoptosis compared to control cells, consistent with the
previous finding that TSP2 regulates proliferation independent
of apoptosis (2).

Rac-dependent NADPH oxidase activation is known to reg-
ulate cell proliferation (16). We showed that DPI, an inhibitor
of flavoprotein, inhibits the increased DNA synthesis observed
at low RacV'? levels, while it both restores DNA synthesis and
blocks TSP2 synthesis for higher RacY'? expression levels.
Similarly, TSP blocking antibodies show the same effect as
DPI, inhibiting proliferation at low levels of Rac¥'? expression
while restoring the proliferative capacity of cells with high
RacV'? expression. These data demonstrate that Rac-mediated
ROS induce TSP2 expression, which in turn inhibits Rac-stim-
ulated proliferation. Similar dose-dependent biphasic behavior
has been reported on cell migration for TSP1 (39). Exogenous
administration of ROS has also been reported to induce a
biphasic control of cell proliferation, as well as to control the
synthesis of many cell cycle and matrix-related proteins (3).
Rac’s proproliferative effect is known to be ROS dependent;
however, the cellular targets of Rac-mediated superoxide gen-
eration involved in the regulation of growth are not well es-
tablished (12). The antiproliferative effect of high ROS con-
centration is classically attributed to ROS-induced apoptosis
(8). Based on the finding that Rac-regulated ROS induce
TSP2, which in turn regulates proliferation in the absence of
increased apoptosis, we propose that the Rac-mediated in-
crease in TSP2 may represent a pathway by which ROS may
inhibit proliferation in endothelial cells independently of apo-
ptosis.

The effect of TSPs on cell proliferation is mediated by dif-
ferent domains of the protein that interact with different re-
ceptors (5). The overall effect of TSPs on endothelial cells is
deadhesive, with the inhibition of proliferation and induction
of apoptosis. TSPs have, additionally, been implicated in the
regulation of cytoskeletal reorganization (29). In HAEC, the
Hepl peptide sequence present in TSP1 and TSP2 has been
shown to induce focal contact labilization (26, 29). We sought
to determine whether TSP2 might regulate proliferation by
altering cytoskeletal organization through the HEP1 sequence.
While we found that Hepl was able to induce stress fiber
disruption and relocalization of paxillin in HAEC expressing
Adnull or Rac™7 (data not shown), we did not see any effect
of the Hepl peptide on HAEC proliferation in Adnull or
RacY'? at a MOI of 200. This result suggests that TSP2’s
control of cell proliferation is independent of the HEP1 se-
quence. The increase in TSP2 expression induced by Rac ac-
tivation, however, might participate indirectly in the cytoskel-
etal reorganization characteristic of the Rac phenotype.
Indeed, treatment of HAEC without increased Rac activation
(i.e., Adnull or Rac™'” without FBS and growth factors) with
the HEP1 peptide led to the labilization of stress fibers and
reorganization of focal contacts in our experimental condi-
tions. Rac is well known to induce actin reorganization by
remodeling focal contact and stress fibers to form lamellipodia
and focal adhesion structures smaller than focal contact (38).
These results further support the concept that besides the
classical Rac pathway involving p21-activated kinase, LIM ki-
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nase, and cofilin for the control of actin organization, increased
TSP2 induced by Rac via ROS production could be involved, in
some specific conditions, in the control of cytoskeletal organi-
zation as has been previously suggested (25).

To confirm Rac-dependent TSP expression in vivo, we used
a transgenic mouse model expressing RacY'? under the depen-
dence of the smooth muscle a-actin. We found increased ex-
pression of TSP2, probably synthesized and secreted by VSMC
expressing RacY'?, in the elastic lamina of aortas from trans-
genic mice. Additionally, in our RacY'? transgenic model,
where the total Rac protein expression was increased by 3.5-
fold, we observed a trend toward hypertrophy of the medial
layer (H. Hassanain and P. J. Goldschmidt-Clermont, unpub-
lished data). In contrast to what occurs with HAEC, TSP1 is
known to stimulate the proliferation of VSMC. There is, how-
ever, no clear information concerning the role of TSP2 in
VSMC proliferation. Transgenic mice expressing RacY'? in
cardiomyocytes have been shown to induce focal contact labi-
lization and hypertrophy of the mouse heart (37), and such an
effect might be linked to the Rac-dependent TSP2 expression.
Further studies will be required to characterize the involve-
ment of TSP2 overexpression in the hypertrophy of the aorta in
the Rac¥'? background.

In conclusion, we demonstrate that production of ROS by
Rac in HAEC leads to a specific increase in TSP2 mRNA
expression levels without affecting TSP1 mRNA expression
levels. Increased TSP2, in turn, inhibits cellular proliferation.
In vivo, we show increased TSP2 in the aortas of transgenic
mice expressing RacY'2 The induction of TSP2 expression by
Rac-dependent ROS production represents a controlled reg-
ulation of cell proliferation with low levels of ROS supporting
cell proliferation, yet high levels of ROS inhibit proliferation
through increased TSP2 expression. An increase in the levels
of the antiangiogenic protein TSP2 by Racl might thus corre-
spond to a counterbalance operating during sustained Racl
activation and consequently high superoxide production, lim-
iting the ROS-dependent proliferative effect on cells. The Rac
activation levels used in our study correspond to a strong
activation compared to those obtained with growth factors like
PDGEF. In addition, human adult endothelial cells express very
low levels of TSP2 in regular conditions, while TSP2 is ex-
pressed during embryonic development and in some physio-
pathological conditions. Thus, Rac-induced expression of
TSP2 might be particularly important in pathological condi-
tions involving angiogenesis, like ischemia-reperfusion and
cancer. These results confirm the idea evoked by Armstrong et
al. (2) that TSP1 and TSP2, although closely homologous, are
differentially regulated.
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